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Abstract The predicted effects of climate change call for a multi-dimensional 
method to assess the performance of various agricultural systems across economic, 
environmental and social dimensions. Climate smart agriculture (CSA) recognizes 
that the three goals of climate adaptation, mitigation and resilience must be inte-
grated into the framework of a sustainable agricultural system. However, current 
methods to determine a systems’ ability to achieve CSA goals are lacking. This 
paper presents a new simulation-based method based on the Regional Integrated 
Assessment (RIA) methods developed by the Agricultural Model Inter-comparison 
and Improvement Project (AgMIP) for climate impact assessment. This method 
combines available data, field- and stakeholder-based surveys, biophysical and eco-
nomic models, and future climate and socio-economic scenarios. It features an inte-
grated farm and household approach and accounts for heterogeneity across 
biophysical and socioeconomic variables as well as temporal variability of climate 
indicators. This method allows for assessment of the technologies and practices of 
an agricultural system to achieve the three goals of CSA. The case study of a mixed 
crop livestock system in western Zimbabwe is highlighted as a typical smallholder 
agricultural systems in Africa.
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1  Introduction
One of the most important challenges for agricultural researchers is to evaluate the 
potential adoption and impact of agricultural technologies. Early research focused 
on economic impacts, but the search for more sustainable systems has shown the 
need for multi-dimensional assessments that consider agricultural system perfor-
mance in economic, environmental and social dimensions and the inevitable trad-
eoffs among those dimensions (Antle 2011; Antle et al. 2014). The emerging reality 
of climate change means that the search for sustainable systems must also consider 
vulnerability to climate change, which may include increasing frequency and mag-
nitude of climate extremes. The recent calls for “climate smart” agriculture recog-
nize that climate adaptation, mitigation and resilience must be integrated into the 
broader agenda of developing sustainable agricultural systems.
As Lipper et  al. (2014) emphasize, climate-smart agriculture (CSA) is an 
approach for transforming and reorienting agricultural systems to support food 
security under climate change. Part of that process of re-orientation is to evaluate 
the performance of existing farming systems, and possible modifications of those 
systems, under a changing climate as well as with other changes (e.g., policy and 
technology) that may affect agricultural system performance and farm household 
well-being. Various elements of climate-smart agricultural systems have been iden-
tified, and a number of metrics can be utilized to evaluate systems for climate-smart 
attributes (Rosenzweig et al. 2015 and Rosenzweig et al. 2016).
Evaluating technologies for their performance in the multiple dimensions of sus-
tainability poses major conceptual, analytical and data challenges: evaluating the 
farming system and farm household as an integrated unit, rather than individual 
production activities; linking the farming system to the other environmental and 
social outcomes that it may impact, including greenhouse gas emissions and carbon 
sequestration; and evaluating performance in more extreme and possibly variable 
climate conditions. Furthermore, there is a need to assess the usefulness of prospec-
tive changes in production systems that are not yet in widespread use, as well as the 
use of existing or new technologies under future climate and socio-economic condi-
tions (Antle et al. 2015a).
The goal of this article is to describe and demonstrate the use of new simulation- 
based methods to evaluate the potential for currently available or prospective agri-
cultural systems to achieve the goals of CSA. The motivation for this approach is the 
fact that conventional field experiments and ex post assessments are not appropriate 
tools to evaluate agricultural system performance in changing and uncertain cli-
matic conditions and future socio-economic conditions. The approach presented 
here combines the available data, including observational data from field experi-
ments and from surveys of actual farming system performance, with biophysical 
and economic models and future climate and socio-economic scenarios. These 
models become the “laboratory” in which simulation experiments are conducted to 
explore the performance of agricultural systems under the range of conditions con-
sidered relevant by stakeholders and scientists. An important feature and strength of 
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this method is that it relies on input from stakeholders and thus provides a process 
to effectively engage stakeholders in the development and evaluation of technologi-
cal options (Valdivia et al. 2015).
The approach we present is based on the Regional Integrated Assessment (RIA) 
methods developed by the Agricultural Model Inter-comparison and Improvement 
Project (AgMIP) for climate impact assessment (Antle et al. 2015b; AgMIP 2015). 
In this chapter, we first describe some of the key features of smallholder farming 
systems typical in many parts of Africa as well as other parts of the world, focusing 
in particular on the smallholder systems that involve rainfed crops and livestock and 
that are particularly vulnerable to climate and other changes and also have limited 
capacity to adapt to such changes. Next we provide an overview of the AgMIP 
methods for technology impact assessment, and discuss how they can be used for 
CSA assessments of vulnerability, resilience and adaptive capacity. We illustrate the 
application of these methods with a case study of crop-livestock systems in 
Zimbabwe. We conclude with a discussion of the strengths and limitations of these 
methods, and how they could be improved to be more useful for CSA.
2  Key Features of Crop-Livestock Systems: Implications 
for Modeling
To motivate the discussion of methods to follow, we first describe key features of 
typical smallholder agricultural systems in Africa, using the example of mixed crop 
livestock systems found in the Nkayi district of western Zimbabwe. Crop produc-
tion is rainfed, and average annual rainfall ranges from 450 to 650 mm, making the 
system vulnerable to erratic rainfall with a drought frequency of one in every 5 
years. Long-term average maximum and minimum temperatures are 26.9 and 
13.4 °C, respectively. The soils vary from inherently infertile deep Kalahari sands, 
which are mainly nitrogen- and phosphorus-deficient, to clay and clay loams that 
are also nutrient-deficient due to continuous cropping without soil replenishment. 
Farmers use mainly a mono-cereal cropping system with addition of low amounts 
of inorganic and organic soil amendments. Natural pasture provides the main feed 
for livestock, and biomass availability is seasonal. During the wet season feed quan-
tity and quality is appreciable, while during the dry season there is low biomass of 
poor quality. The natural pastures are mainly composed of savannah woodlands, 
with various grass species (Homann et al. 2007; Masikati et al. 2015).
As in many parts of Africa, mixed crop–livestock production systems are domi-
nant in Nkayi. These farming systems are mainly based on maize, with smaller 
portions of sorghum, groundnuts, and cowpeas as staple crops, combined with the 
use of communal range lands, fallow land, and crop residues for livestock produc-
tion (Fig. 1). Household livestock holdings vary from a few to 40 head per house-
hold of cattle, donkeys, and goats. Livestock offer opportunities for risk spreading, 
farm diversification, and intensification, and provide significant livelihood benefits 
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(Bossio 2009; Williams et  al. 2002). Animals complement cropping activities 
through the provision of manure for soil fertility maintenance, draft power for cul-
tivation, transport, cash, and food, while crop residues are used as adjuncts to dry- 
season feed. These systems evolve in response to various interrelated drivers, such 
as increased demographic pressure along with higher incomes earned by the urban 
populations, which results in a growing demand for crop and livestock products 
with the development of local and urban markets (Homann-KeeTui et  al. 2013). 
This increased demand for crop and livestock products could benefit small-scale 
farmers as they gain access to markets, if they are able to intensify and diversify 
production in a sustainable way. These diverse income sources could reduce risk 
and increase resilience of farmers.
Another key characteristic of crop-livestock systems in many regions of Africa is 
low productivity due to a combination of factors that include unfavorable climatic 
conditions, poor and depleted soils, environmental degradation, and low level of 
capital endowment that leads to limited uptake of improved technologies, as well as 
adverse policies (Kandji et  al. 2006; Morton 2007; World Bank Report 2009). 
Climate variability and change stressors, superimposed on the many structural prob-
lems in smallholders farming systems where there is not much support nor adequate 
adaptation strategies, can exacerbate food insecurity and increase vulnerability 
(Kandji et al. 2006; Morton 2007).
Fig. 1 Mixed crop livestock farming systems, provider of food and livelihoods, and most common 
form of land use, affected by climate change in semi-arid Zimbabwe (Figure 2 of Masikati et al. 
2015)
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These characteristics of smallholder farming systems suggest that assessment 
models need the following features and capabilities.
Integrated farm and household approach A whole-farm approach is needed to 
represent all possible adaptation and mitigation options, including crop-livestock 
interactions and nutrient cycling, effects of specialization and diversification, and 
scale effects. In addition, a whole farm and household approach is needed to repre-
sent all components of the household’s income, including both on-farm and off- 
farm income sources and employment opportunities. The household approach is 
also needed to represent economic vulnerability and resilience, for example, off- 
farm income may be impacted differently than farm income by climate change.
Bio-physical and socio-economic heterogeneity Analysis must account for the 
heterogeneity that is often high in farm household populations, in terms of soil con-
ditions and climate, as well as differences in farm and herd size, behavioral differ-
ences due to the farm decision makers’ knowledge and experience, the age, gender 
and health of the farm household members, and location and access to markets, 
capital and information.
Temporal variation and system dynamics Temporal variation in inputs and out-
puts of these systems has important effects on system performance and human well- 
being. For example, a key element of food security is the stability of food availability 
over the annual cycle. Adaptation, mitigation and resilience all involve change over 
time that can be thought of as investment or dis-investment in natural capital (e.g., 
soil fertility), physical capital (tools, machinery and structures, as well as livestock), 
human capital (farm family members’ health, education and knowledge), and social 
capital (social networks and relationships). Resilience involves the capacity of a 
system to withstand a shock or disruption and naturally involves an understanding 
of system dynamics.
3  AgMIP Regional Integrated Assessment Methods
AgMIP has developed a methodology for RIA of climate change impact, adapta-
tion, mitigation and vulnerability, and thus provides a framework for CSA assess-
ment. The approach is designed to quantify indicators of system performance 
deemed to be relevant by both stakeholders and scientists, and then conduct simula-
tion experiments to evaluate how system performance responds to climate and other 
changes, including system changes for climate adaptation and mitigation. These 
methods can be used in various ways to support technology development, e.g., to 
facilitate the targeting of agricultural interventions to farm types, for design and 
impact assessment of context specific safety-net, food security or market oriented 
intervention packages.
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Based on discussions with stakeholders and the research assessment literature, a 
number of key indicators were identified to assess impact, vulnerability, mitigation 
and adaptation. These indicators are also relevant to the evaluation of CSA.
• Physical quantities and value of principal agricultural products, at the farm 
household level and aggregated to the regional or population level.
• Net value of single agricultural commodities as well as entire farms
• Average household per-capita income or wealth.
• The headcount poverty rate in the population (i.e., the proportion of households 
below the poverty line) and other poverty measures such as the poverty gap (i.e., 
the degree to which individuals are below the poverty line).
• Food security indicators, including capability to buy an adequate diet, per-capita 
food consumption, calories and other nutrient intake, dietary diversity indicators, 
and impacts on children such as stunting or mortality.
• Environmental indicators, including soil fertility, soil erosion, and indicators of 
greenhouse gas emissions and mitigation.
• Vulnerability, defined as the proportion of households that may be adversely 
affected by climate change. Losses can be measured in economic terms or in 
other dimensions of well-being such as health.
• Resilience, defined as the capability of a system to minimize the magnitude of 
adverse impacts or enhance positive effects towards greater adaptive capacity.
The foundation of the AgMIP RIA approach is the design of the simulation 
experiments that are used to evaluate climate impacts and the effects of system 
adaptations. There are many possible simulation experiments that can be carried 
out. Working with various stakeholders, AgMIP has identified four “core” research 
questions for regional integrated assessments. Figure  2 illustrates these Core 
Questions described below. Note that climate change can have either negative (left 
figure) or positive (right figure) effects without adaptation, and in a given population 
of farm households some may experience negative effects and some may experience 
positive. Effective climate adaptations will reduce negative effects or enhance posi-
tive effects. Another key element of Fig. 2 is that the climate assessment is carried 
out in the context of a plausible future state of the world (i.e., the non-climate bio- 
physical and socio-economic future conditions) embodied in a “representative agri-
cultural pathway” or RAP. As we discuss further below, the AgMIP RIA method 
includes the development of RAPs with inputs from scientists as well as 
stakeholders.
The four core questions are defined as follows:
Core Question 1: What is the sensitivity of current agricultural production 
systems to climate change? This question addresses the isolated impacts of a 
change in climate assuming that the production system does not change from its 
current state. It is useful as a baseline for comparison with other combinations of 
technology and states of the world.
Core Question 2: What are the effects of adaptation in the current state of the 
world? This question is one often raised by stakeholders: what is the value of 
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adapting today’s agricultural systems to climate changes that may be occurring 
now and in the near future?
Core Question 3: What is the impact of climate change on future agricultural 
production systems? This question evaluates the isolated role of climate impacts 
on a future production system, which will differ from the current production 
system due to development in the agricultural sector not directly motivated by 
climate changes.
Core Question 4: What are the benefits of climate change adaptations? This 
question analyzes the benefit of potential adaptation options in the production 
system of the future, which may offset climate vulnerabilities or enhance posi-
tive effects identified in Core Question 3 above.
The AgMIP RIA methodology is designed to enable research teams, in collabo-
ration with stakeholders, to answer each of these core questions. Figure 3 provides 
an overview of the approach. As noted in the previous section, an integrated whole- 
farm and household modeling approach is needed for CSA. Accordingly, the AgMIP 
approach to RIA is built on the concept of the farm household and the farming 
system that it uses. The foundation of the AgMIP approach is the characterization of 
the existing farming system, typically by developing “cartoons” or system diagrams 
(see Fig. 1, and Fig. 3b). The research team uses this characterization of the current 
systems to identify the key system components, and the corresponding data and 



















Fig. 2 Overview of core climate assessment questions and the production system states that are 
simulated. The dashed black line represents the evolution of the production system in response to 
development in the agricultural sector that would occur without climate change, or independently 
of climate change, as defined by a Representative Agricultural Pathway (RAP). Arrows illustrate 
effects associated with the four core questions described in the text (Source: adapted from Antle 
et al. 2015b)
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In the AgMIP RIA methodology, the heterogeneous response to climate change 
derives from the productivity impacts of climate change incorporated in the model 
through crop and livestock simulation models, as well as the socio-economic 
 heterogeneity in the farm household system due to variations in farm size, house-
hold size, and non-farm income. As explained in detail in the AgMIP RIA Handbook 
(AgMIP 2015), the AgMIP method uses crop and livestock model simulations to 
project the effects of climate change on the productivity of a system. In this method 
a yield under a changed climate is approximated as yc = rc ⋅yo where yo is an observed 
yield and rc is a simulated relative yield calculated as rc = ysc/yso, where ysc is the 
simulated yield under the changed condition, and yso is the simulated yield under the 
observed condition. This procedure is used rather than directly using ysc as an esti-
mate of yc to account for the fact that simulated yields do not incorporate all the 
factors affecting observed yields and thus tend to be biased. If this bias is (approxi-
mately) proportional and equal for both ysc and yso then it will cancel out. In cases 
where process-based models are not available for a crop or livestock species, 
assumptions for yield impacts are included in scenarios based on expert judgment 
and other available data such as behavior of similar species or studies of analog 
climates.
A. Global & national prices, 
productivity and representative 
ag pathways and scenarios
E. Linkages from sub-
national regions to 
national and global
D. Technology adoption 
and distribution of 
economic, 
environmental and social 
impacts
B. Complex farm household systems C. Heterogeneous regions
Fig. 3 AgMIP Regional Integrated Assessment approach simulates climate change impact, vul-
nerability and adaptation through climate data, bio-physical simulation models and economic 
models representing a population of heterogeneous farm household systems. (a) RAPS together 
with global and national price, productivity and land use projections define the bio-physical and 
socio-economic environment in which (b) complex farm household systems operate in heteroge-
neous regions (c). Analysis of technology adoption and impact assessment is implemented in these 
heterogeneous farm household populations (d). This regional analysis may feed back to the coun-
try and global scales (e) (Source: Antle et al. 2015a)
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For analysis of adaptations, a similar method is used to assess how the existing 
system could be changed. These changes can range from management of the exist-
ing production activities, changes in the land or other resources allocated to those 
activities, as well as the introduction of new activities or the elimination of activi-
ties. Also, changes in the farm household’s labor allocation between production 
activities, and between agricultural and non-agricultural activities can be consid-
ered. These characterization of the existing and prospective farming systems also 
helps to develop future socio-economic pathways (i.e., Representative Agricultural 
Pathways, see below) by identifying the “external” or “driving” variables that define 
the bio-physical and socio-economic conditions in which the analysis is conducted. 
For example, if the analysis is being designed for a future period, it is likely that 
prices received or paid by the farmers will be different. It is also likely that charac-
teristics of the farm household population will change, such as the farm size distri-
bution, non-agricultural income and household size.
3.1  Quantifying Vulnerability
The AgMIP RIA methods are designed to assess vulnerability of farm households 
to climate change. We define a climate as a probability distribution of weather 
events that occur at a specific place and during a defined period of time. A change 
in climate is a change in the probability distribution of weather events. These 
changes are often described in terms of the mean temperature over a period of time 
such as a day, month or year, but can also be changes in temperature extremes, the 
variability of weather events, and other aspects such as rainfall amount and intensity 
and wind velocity.
Impacts of climate change are quantified as gains and losses in economic well- 
being (e.g., farm income or per capita income) or other metrics of well-being (e.g., 
changes in health or environmental quality). In this framework, some or all indi-
viduals may gain or lose from a change, and we say the losers are vulnerable to loss 
from climate change. The AgMIP RIA methodology is designed to quantify the 
proportion of the population that are losers, as well as the magnitude of loss. It is 
important to note, however, that in a heterogeneous population there are typically 
some gainers and some losers, and thus the net impact may be positive or negative.
The AgMIP RIA method is designed to quantify climate vulnerability by model-
ing a heterogeneous population of farm households rather than modeling a “repre-
sentative” or average or typical farm. This approach begins with the representation 
of impacts on the farm household using the concept of economic gains and losses 
(other metrics of impact can be also be used depending on available data, e.g., the 
impact on health of household members). As Fig. 3 shows, the AgMIP RIA approach 
uses a statistical representation of the farming system in a heterogeneous region or 
population to quantify the distribution of gains and losses, e.g., due to climate 
change. Figure 4 illustrates this idea with two loss distributions. The area under the 
distribution on the positive side of zero is the proportion of losers and is the measure 
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of vulnerability. The solid distribution in Fig. 4 represents a system for which the 
average loss is positive and there are more losers than gainers. Note, however, that 
even in this case there are some gainers.
The goal of analysis for CSA is to improve the performance of farming systems. 
In the context of vulnerability analysis, this means reducing the number of losers 
(the vulnerable) and increasing the gainers from any perturbation of the system, be 
it climate change or any other change. The dashed distribution in Fig. 4 represents a 
system that is less vulnerable to climate change, and has more gainers than losers. 
Note that in this case, even though gainers outnumber losers, there are still some 
losers. It is also important to note that both the mean and the dispersion of the dis-
tribution of gains and losses matters to the measurement of vulnerability. Indeed, 
the dispersion (i.e., variance) of the distribution of losses represents the heterogene-
ity of the impacts of climate change on the population. In the AgMIP RIA method-
ology, this heterogeneous response to climate change derives from the productivity 
impacts of climate change incorporated in the model through crop and livestock 
simulation models (see discussion below), as well as the socio-economic heteroge-
neity in the farm household system due to variations in farm size, household size, 
and non-farm income. The areas under the distributions on the positive side in Fig. 4 
represent the proportion of vulnerable farm households. The AgMIP RIA methodol-
ogy also provides the capability to simulate the magnitude of impacts on the vulner-
able members of the population, as well as the impact on those that gain, and the net 
or aggregate impact in the population.
j(w)
w (losses)0
Fig. 4 Vulnerability Assessment Using the Distribution of Losses Associated with Climate 
Change. The area under the distribution on the positive side of zero is the proportion of losers and 
a measure of vulnerability. Here the solid distribution represents a system for which the average 
loss is positive and there are more losers than gainers. The dashed distribution represents a system 
with more gainers than losers. The goal of climate adaptation is to shift the distribution leftward
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3.2  Quantifying Resilience
Resilience has been defined in a number of ways in the scientific literature. In ecol-
ogy, resilience is defined as the capacity of a system to maintain its form and func-
tion in response to a shock or disruption (Folke 2006; Nelson et  al. 2007). In 
economic terms, resilience can be defined as the capacity to restore or maintain 
economic values, such as farm income (Antle et al. 2006; Antle and Capalbo 2010), 
or to minimize the loss from an adverse disruption or “disaster” over the time it 
takes for a system to return to its “normal” state (Hallegate 2014). Resilience to 
climate change can also be defined more broadly as the capacity to cope with change 
and minimize losses from change and enhance possible benefits of change, and thus 
can incorporate longer-term responses through adaptation (Malone 2009).
The definition of resilience as the capacity to withstand disruptions refers to the 
properties of a given system’s performance, and is most relevant to analysis of rela-
tively short-term events such as a storm or drought where it can be expected that the 
system will return to its normal state. In contrast, the capability to adapt or respond 
by making purposeful changes in a system seems most relevant to longer-term per-
manent changes in climate, and can include adaptations that are designed to improve 
the capability to withstand shocks or disruptions. Clearly, both concepts of resil-
ience – the ability to minimize the effects of temporary shocks and disruptions, as 
well as the capacity to cope with the long-term shifts in weather patterns associated 
with climate change – are relevant to analysis of agricultural system performance.
The AgMIP RIA framework illustrated in Figs. 2 and 3 can be used to quantify 
resilience using the various indicators identified above. As noted above, vulnerabil-
ity is measured as the proportion of farm households that experience a loss over a 
specified period of time. Loss can be measured in economic terms as reduced 
income or loss of the capitalized value of income plus assets, and also in non- 
economic terms such as reduced health or degraded environmental conditions. To 
see how resilience can be quantified, define the minimum possible loss for a given 
system as Lossmin and define the realized loss as Loss. This minimum loss can be 
measured in various ways depending on the context. For example, it could be the 
loss that would be incurred if the best coping actions are undertaken as soon as pos-
sible and as effectively as possible. A resilience indicator can be calculated as 100 
(Lossmin / Loss), similar to what Hallegate (2014) defines as “microeconomic resil-
ience”. Thus, if a system can achieve the minimum possible loss its resilience is 
100%, and otherwise its resilience is less than 100%.
This measure of resilience fits the situation where there is a loss, whereas with 
climate change and other types of change there can be net aggregate gains in some 
cases, and even when there are losers, there are also likely to be some gainers. To 
accommodate both gains and losses, we adopt the convention that resilience is 
100% for gainers. Letting v be the percent of vulnerable population, the resilience 
indicator for the population of gainers and losers is then calculated as 100 (1 – v) + v 
Lossmin / Loss.
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This definition of resilience makes sense for a temporary change or disruption 
that a system can fully recover from, such as a seasonal drought followed by normal 
weather. However, if there are long-term changes, such as climate change, then the 
minimum loss would grow over time and the ratio Lossmin / Loss would be unde-
fined. A solution to this problem is to measure the losses over a finite time period 
relevant to decision making for making technology investment decisions, so that the 
minimum loss and actual loss are both bounded.
Figure 5 provides a stylized graphical representation of how resilience can be 
quantified for a temporary disruption as well as for a permanent change, over a 
specified time horizon from time t1 to time t2. In the analysis of a temporary disrup-
tion, the system provides a value V1 before the disruption occurs at t1. The disrup-
tion lowers the system performance to V2, and the system then recovers along some 
path from V2 back to V1 (the path is shown as linear in Fig. 5, but more generally 
may be nonlinear). Suppose we are comparing two different systems, one more 
resilient than the other. The heavy dashed line in Fig. 5 indicates the system with the 
most rapid recovery possible, and thus Lossmin equals area (A + D) and its resilience 
is 100% The less resilient system recovers along the path indicated by the lighter 
dashed line, so the loss is area (A + B + D + E), and the system resilience is calcu-
lated as 100 (A + D)/ (A + B + D + E) < 100%.
The analysis of resilience to a long-term change in climate is somewhat different 
than the case of a temporary disturbance in several respects. In response to long- 
term changes we expect systems to be adapted to climate change to some degree. 
There are three types of adaptations that can be expected to occur and can overlap 
at different scales. First, there are the kinds of changes in management that farmers 













Fig. 5 Analysis of Resilience to Temporary Disruptions and Long-term Change. See the text for 
explanation
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reallocation of land and other resources among existing crops and livestock activi-
ties, or reallocation of their time among farm and non-farm activities. These types 
of adaptations have been called “autonomous or incremental adaptations.” Second, 
there are adaptations that require investments external to the farm, such as invest-
ments in research and development of new technologies, such as improved crop 
varieties, or diversification and risk management options, sometimes referred to as 
“planned or systems adaptations.” Third, transformational adaptation requires more 
fundamental changes in production systems, institutional arrangements, priorities 
for investment, and norms and behaviour (Kates et al. 2012). Zimbabwe is among 
the countries where transformational adaptation is recommended, to shift the sys-
tems towards more livestock-oriented and diversified systems with drought-tolerant 
food and feed crops, and development of the associated value chains (Rippke et al. 
2016; Rickards and Howden 2012).
As illustrated in Fig. 2, the system currently in use would follow a path over 
time from the value indicated by the white triangle to the blue circle, whereas a 
system better adapted to the future climate would achieve a higher level of perfor-
mance indicated by the green square. However, it is not clear from this diagram at 
what point in time along this path adaptations take place. One might assume that 
autonomous adaptations occur more-or-less continuously as farmers learn about 
climate changes and how to adapt management, whereas planned adaptations 
could occur in more discrete steps, e.g., as new crop varieties are developed and 
released.
The complexity of the progression of adaptation over time creates a major chal-
lenge for the analysis of adaptation. Given the difficulty analysts face in knowing 
how adaptations would evolve over time, the approach we adopt here is to treat each 
adapted system as if it were to become available at a discrete point in time, and that 
its effectiveness increases over time up to its maximum, depending on the charac-
teristics of the technology and the capacity of farmers to acquire and use it 
successfully.
Following this approach, in Fig. 5 we can interpret V1 as the performance of the 
current system in the future period without climate change (i.e., as the value repre-
sented by the white circle in Fig. 2). V2 represents the value the same system would 
achieve with climate change (i.e., the blue circle in Fig. 2), and V3 represents the 
value that an adapted system can achieve (i.e., the green square in Fig. 2). We can 
now interpret the heavy dashed line as a more rapid adoption pathway for the 
adapted technology, and the lighter dashed line as a less-rapid adoption pathway. 
Thus, under the rapid adaptation scenario, the loss due to climate change from t1 to 
t2 would be equal to area (A + B + C + D) which we could interpret as Lossmin and 
corresponding to a resilience measure of 100%. Under the slower adaptation path-
way, the loss would be (A  +  B  +  C  +  D  +  E), implying a resilience of 100 
(A + B + C + D)/ (A + B + C + D + E) < 100%. The resilience of the unadapted 
system would be lower, and equal to 100 (A + B + C + D)/ (A + B + C + D + E + F).
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3.3  Representing Future Socio-economic Conditions
In a climate change analysis, it is necessary to distinguish between three basic fac-
tors affecting the expected value of a production system: the production methods 
used (i.e., the system technology); the physical environment in which the system is 
operated, including soils and climate; and the economic and social environment in 
which the system is operated, i.e., the socio-economic setting. In the AgMIP RIA 
methodology, the non-climate bio-physical conditions and socio-economic condi-
tions are embodied in a Representative Agricultural Pathway, or RAP (Valdivia 
et al. 2015). RAPs are qualitative storylines that can be translated into model param-
eters such as farm and household size, prices and costs of production, and policy. 
Following the four core climate impact assessment questions discussed above, the 
model can be set up with appropriate combinations of parameters to represent the 
corresponding technologies, climates, and socio-economic conditions.
As indicated in Fig. 2, the analysis of Core Questions 3 and 4 is carried out under 
plausible future conditions defined by Representative Agricultural Pathways. To 
project the average level of productivity into the future that would occur with ongo-
ing technological advancements (not associated with climate change or adaptation), 
the AgMIP methodology utilizes the technology trend and price projections devel-
oped for global economic models (e.g., see Nelson et al. 2013), together with the 
assessment of technology trends made by research teams in the development of 
regional RAPs.
3.4  Defining and Quantifying Adaptation
The goal of adaptation analysis is to improve the performance of farming systems, 
e.g., to reduce vulnerability as illustrated in Fig. 4. The relative yield concept dis-
cussed above for modeling climate productivity impacts can also be applied to 
quantify the effects of an adaptation on a crop yield. Let a yield for an adapted 
system (say, a change in planting date) be ya = ra ⋅yo where yo is an observed yield 
and ra is a simulated relative yield calculated as ra = ysa/yso, where ysa is the simulated 
yield under the adapted management, and yso is the simulated yield under the non- 
adapted (observed) management. This method can be applied under any climate 
conditions. Thus, for projecting yield with climate change and adapted manage-
ment, we have yac = ra ⋅yc = ra ⋅ rc ⋅yo.
As we discussed above, the analysis of climate impact and adaptation must be 
carried out under future socio-economic conditions defined by a RAP. By definition, 
the RAP represents changes in socio-economic conditions that would occur without 
climate change. Therefore, any changes in crop or livestock systems and productiv-
ity described in a RAP cannot be a climate adaptation. Changes defined as a climate 
adaptation must, by definition, be changes that would occur in response to changes 
in climate, given any other changes that would have occurred regardless of climate 
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change. The “simulation experiments” carried out for a climate adaptation analysis 
are designed to show the effect of climate adaptation holding all else constant, 
including any changes in productivity that would have occurred without climate 
change.
4  Assessing Crop-Livestock System Adaptations 
in Zimbabwe for CSA
In this section we summarize results from a recent study of the crop-livestock sys-
tems described in Fig. 1 and Section 1 that used the AgMIP integrated assessment 
approach to evaluate the climate vulnerability and benefits of adaptation strategies 
in these systems for multiple climate change scenarios (Masikati et al. 2015). Data 
from climate projections and RAPs were combined with soils and weather data and 
farm survey data to parameterize crop, livestock and economic simulation models 
to simulate the performance of systems under future socio-economic conditions 
with climate change. Next these models were used to simulate the performance of 
the systems with three adaptations that could improve crop and livestock productiv-
ity: applying higher levels of N fertilizer with micro-dosing; producing maize with 
recommended N fertilizer application rates; and with maize being grown in a rota-
tion with mucuna.
To illustrate the use of the AgMIP RIA methods, here we report crop and live-
stock modeling results using averages over projections from five mid-century cli-
mate models that were run with a high emissions scenario (referred to by climate 
modelers as Representative Concentration Pathway 8.5), together with a business as 
usual Representative Agricultural Pathway for mid-century. We evaluate the eco-
nomic impacts of the driest climate scenario on the crop-livestock system of Nkayi, 
Zimbabwe without adaptation, and with the following package of adaptations 
designed for resource-limited households.
• Adoption of long duration maize varieties instead of short duration varieties, 
with grain yield increases between 8% and 18%, and residue increases between 
5% and 11%.
• Converting 1/3 of the maize land to maize-mucuna rotation, 30% of the mucuna 
biomass left on the fields as inorganic fertilizer for subsequent maize. 70% fed to 
cattle or available for sale.
• Application of micro-dosing (17 kg N/ha) on 1/3 of the maize field, second year 
after the maize mucuna rotation.
It is important to emphasize that the results reported here are for a single scenario 
to illustrate how the AgMIP methods can be used for CSA analysis. Each of the 
components of the analysis is uncertain, and to represent that uncertainty a more 
complete analysis would utilize multiple climate projections and multiple socio- 
economic scenarios and model components. Also, we emphasize that by  interpreting 
Using AgMIP Regional Integrated Assessment Methods to Evaluate Vulnerability…
322
these changes as climate adaptations, it is assumed that these changes would not 
have been adopted in order to achieve the productivity gains already embodied in 
the Representative Agricultural Pathway.
4.1  Climate Projections
For the climate scenario used, temperatures are projected to increase across the 
whole region of southern Africa. Changes range from large increases inland (above 
3  °C in southwestern Botswana and surrounding areas) to smaller increases in 
coastal areas. Rainfall projections are less certain; rainy seasons are likely to start 
later and there are indications that rainfall will decrease over most of southern 
Africa, particularly over the western and central regions. Here we present results 
using one model that shows a mean temperature increase of about 3 °C and a mean 
rainfall decrease of about 0.6 mm/day over October–March, compared to the cur-
rent average of about 3.4 mm/day.
4.2  Crop Models
The Agricultural Production Systems Simulator (APSIM) (Keating et al. 2003) was 
used to assess the impacts of climate change on crop production. The model was 
calibrated for maize and the forage legume, mucuna (mucuna pruriens) using on- 
farm experimental data obtained from the ICRISAT research work under different 
projects in Nkayi district (Masikati 2011; Homann-KeeTui et  al. 2013). APSIM 
Results were judged satisfactory with observed mean maize grain yield of 1115 kg/
ha and simulated of 1185 kg/ha. However, the model had a tendency to over-predict 
maize biomass with mean observed yield of 2460 kg/ha and simulated of 3385 kg/
ha. For mucuna biomass results were satisfactory with mean observed yields of 
4263 kg/ha and simulated of 4224 kg/ha.
The model was also evaluated for its ability to simulate maize grain yield vari-
ability across farming households. The model showed capacity to simulate the mid-
dle yield range from the farming households but did not perform so well for the 
lower and higher yields (Masikati et  al. 2015). To offset the models’ effects on 
projected future yields, the simulated yields were bias corrected before doing the 
economic analyses; the biomass yields were also adjusted before they were used for 
livestock simulations.
J.M. Antle et al.
323
4.3  Livestock Model
Household-level livestock production was modeled with LIVSIM (LIVestock 
SIMulator, Rufino et  al. 2009). The LIVSIM model was earlier calibrated for 
Zimbabwean conditions and the Mashona breed, for which it is also used here 
(Rufino et  al. 2008; Rufino et  al. 2011). LIVSIM simulates production with a 
monthly time step, based on breed-specific genetic potential and feed intake, taking 
into account specific rules for herd management. The impact of climate change and 
the various adaptation strategies on livestock production was predicted based solely 
on simulated changes in on-farm feed production resulting from the crop model 
runs. Livestock rely on community rangelands during the whole year and in the dry 
season, crop residues constitute an important feedbase component (Masikati 2011). 
However, the feed quality of the crop residues and of the dried grasses in the range-
land is low and also the risk of low crop production during dry years is relatively 
high. Therefore, feed gaps in the dry season are common, leading to important inef-
ficiencies in the livestock component of the system. Hence grass and on-farm feed 
production and composition change with climate, and the effects of these changes 
on livestock were simulated with LIVSIM for climate change under current prac-
tices and for the adaptation strategies. The effects of increased crop residue avail-
ability in the fertilizer adaptation strategies and of higher-quality feed in the mucuna 
strategy were investigated. However, potential changes in rangeland productivity 
and direct effects of temperature on animal performance were not taken into account 
in this study.
4.4  Economic Model
AgMIP is using the Tradeoff Analysis model for Multi-Dimensional impact assess-
ment (TOA-MD) to implement the economic analysis component of the RIA meth-
odology. The TOA-MD model is a parsimonious, generic model for analysis of 
technology adoption and impact assessment, and ecosystem services analysis. 
Further details on the impact assessment aspects of the model are provided in Antle 
(2011) and Antle et al. (2014). The model software and the data used in various 
studies are available to researchers with documentation and self-guided learning 
modules at http://tradeoffs.oregonstate.edu.
There are several features of this model that make it appropriate for assessment 
of technologies for climate impact assessment as well as analysis of technologies 
for CSA. First, TOA-MD represents the whole farm production system which can 
be composed of (as appropriate) a crop sub-system containing multiple crops, a 
Using AgMIP Regional Integrated Assessment Methods to Evaluate Vulnerability…
324
livestock subsystem with multiple livestock species, an aquaculture sub-system 
with multiple species, and the farm household (characterized by the number of fam-
ily members and the amount of off-farm income). Second, TOA-MD is a model of 
a farm population, not a model of an individual or “representative” farm. Accordingly, 
the TOA-MD model is designed to quantify vulnerability and resilience using gains 
and losses as discussed above. With suitable bio-physical and economic data, these 
statistical parameters can be estimated for an observable production system. Using 
the methods described in the AgMIP Regional Integrated Assessment Handbook 
(AgMIP 2015), model parameters under climate change, without or with adapta-
tion, can be calculated, and the model can be used to evaluate the four Core 
Questions identified in Fig. 2.
The TOA-MD model was parameterized using household surveys conducted in 
2011 with 160 farmers interviewed in 8 villages that provided data on farm, herd 
and household size, off-farm income, revenues from crops and livestock, and the 
costs of production. In addition, 8 focus group discussions, one per each village 
surveyed, assessed agricultural output and input prices, perceived as normal prices 
during the observation year, not peak prices (Homann-KeeTui et al. 2013, 2015). 
For the calculation of net returns, monetary values of the crop (grain and residues) 
and livestock (sale, draft power, manure, milk) outputs were estimated with observed 
values or at opportunity cost, with internally used crop and livestock outputs fac-
tored in as costs under the respective activities, taking into account the local user 
practices. For the analysis presented here, the farm households were stratified into 
three groups according to livestock ownership as the locally most important wealth 
criterion (none; 1–8 cattle, or more than 8 cattle).
A Representative Agricultural Pathway (RAP) was developed with stakeholder 
collaboration to project the current systems into the future. In this analysis, the opti-
mistic assumption was made that Zimbabwe will move out of 15 years of economic 
crisis towards positive economic development. Acknowledging the challenges and 
time required for institutional change, pro-active governance and investments, con-
servative projections were made for future productivity trends and prices. The path-
way used was based on growth through market-oriented crop and livestock 
production, as government seeks to promote agricultural production and restore 
investor confidence. Severe liquidity constraints however restrict public and private 
investments. Limited employment opportunities in urban areas reduce rural-urban 
migration. An exogenous yield increase of 40% was assumed for maize as the pre-
dominant crop, and 35% increase for small grains and legumes. Fodder crops were 
only recently introduced and no market exists, and no increase was assumed. 
Productivity increases of 35% for cattle and 25% for small stock offtake was 
assumed, made possible by reducing mortality and improving livestock quality, and 
also modest 10% increases milk, manure and draft power production were assumed.
It was also assumed that international product prices are not fully transmitted to 
the national and local markets. Price increases for grain and live animal sales was 
assumed to be 10% from 2005 to 2050, and a 5% increase for the other products that 
are usually not traded. Input prices tend to remain high with 10% price growth. 
Input subsidies are assumed to be limited to vulnerable households during recovery 
and rehabilitation.
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4.5  Impact of Climate Impact and Adaptation on Crop 
and Livestock Productivity
The mean of the crop model simulations showed projected crop yield losses under the 
current farming practices were modest, in the range of 7–9%, although some climate 
model projections were much higher or lower (Fig. 6). Crop systems in Nkayi are low 











































Fig. 6 Boxplots showing average percent maize grain and stover yield change in Nkayi district, 
Zimbabwe, under current farmer practice  (no-adapt) and different adaptation strategies 
(Adapt-N17 = microdosing at 17 kg N/ha and Adapt-Rot = maize-mucuna rotation system. The 
percent change under adapted scenarios is calculated with respect to the non-adapted scenario 
under climate change while for the non adapted scenario yield change is relative to current practice 
under current climate
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input systems where average yields are around 500–700 kg/ha. Temperature thresh-
olds for maize in the APSIM model are greater than 30  °C (Hatfield et  al. 2011; 
Hatfield and Prueger 2015), and current average maximum temperature during the 
growing season is about 27 °C, so higher average temperatures of 2–3 °C do not sub-
stantially affect crop production unless there are more extreme events in a particular 
growing season. The simulations show average impacts on yields are small but some 
larger positive and negative outcomes can also be expected (Fig. 6).
Because the average reductions predicted by the crop models are relatively small, 
the use of soil amendments as adaptation strategies can more than offset the nega-
tive impact of climate change, with mean yield gains ranging between 20% and 
80% (Fig.  6). The use of organic amendments such as legume residues and low 
inorganic fertilizer application show higher yield variability as compared to the no- 
adaptation scenario, however average yields under adapted management are greater 
than 2 t/ha. The subsequent maize crop after mucuna would benefit from biological 
nitrogen fixation and also from the crop residues that are applied. Such adaptation 
strategies would benefit resource-poor farmers to improve main staple crop yields 
with minimal external inputs. Again, we emphasize that the analysis assumes that 
these changes in management would not be made as part of the ongoing improve-
ment in practices that is represented in the RAP.
Impacts of climate change and adaptation packages on livestock productivity 
were assessed through changes in feed quantity and quality. Reduced grass growth 
due to climate change lowered feed intake from the rangelands by 10% and 50% in 
the rainy season and dry season respectively. Climate change reduced on-farm 
maize stover yield by on average 15%, further aggravating the dry season feed gaps 
that are characteristic for the mixed crop-livestock systems in semi-arid areas. The 
adaptation package helped offsetting the adverse effects of climate change on fod-
der availability by increasing the fodder quantity through fertilizer input and 
 rotations with legume crops. The diversification with legume grain and fodder crops 
also improved the fodder quality, primarily through higher protein content.
Climate change resulted in a 35–39% and 30–35% reduction of annual milk produc-
tion for households with small and large herds respectively (Fig. 7). Offtake was roughly 
halved by climate change (Fig. 7) and with lower feed availability resulting in underfed 
animals, mortality rates rose by 8% and 14% for households with small and large herds 
respectively. With the adaptation package, on-farm feed quantity and quality was 
improved, resulting in milk production at roughly the same level that was obtained with-
out climate change. The offtake was brought back to about 80% and 90% of the offtake 
in the current climate for households with small and large herds respectively.
4.6  Economic Analysis: Climate Impact, Adaptation, 
Vulnerability and Resilience
Table 2 summarizes the results of the economic analysis of climate change impact 
for the farm population in Nkayi stratified by cattle ownership. We compare climate 
change impact without adaptation and with the adaptation package (comprised of 
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the elements identified above: long duration maize varieties, allocation of land to a 
maize-mucuna rotation, mucuna biomass left on the fields as inorganic fertilizer for 
subsequent maize, and use of micro-dosing of N on maize in the maize-mucuna 
rotation). We emphasize that these results are based on a single scenario comprised 
of one climate model projection, one crop model and livestock model, and one 
socio-economic scenario, to illustrate the type of analysis that can be done. More 
generally, it is important to consider the uncertainties in each component by utiliz-
ing a range of scenarios and model assumptions.
Without adaptation, Table 2 shows that vulnerability to loss from climate change 
ranges from 45% of the farm households without cattle, to 61% and 71% of house-
holds with small and large herds. The households with cattle are more vulnerable 
because, as discussed above, the main adverse impact shown by the crop and live-
stock model simulations is on livestock feed availability and livestock productivity. 
These losses range from 25% to 57% of mean farm net returns before climate 
change, and thus represent a substantial loss for the vulnerable households, and cor-
respond to losses of 11–16% of per capita income. However, some farms gain, and 
these gains range from 28% to 34% of mean returns before climate change. These 
gains are attributed to the heterogeneity in the bio-physical and economic condi-
tions that exist. For example, in any given year, rainfall varies across the landscape 
with some areas drier and some wetter, with corresponding variation in crop and 
forage productivity. The net impacts aggregated across all farms are small for farms 
without livestock (about +3%), but much larger and negative for farms with large 
herds (−23%). It is important to recognize that even though the losses are a larger 
percent of farm income for the farms with cattle, the farms without cattle are much 
poorer. Thus, with climate change the negatively impacted farms without cattle will 
be in an even worse condition than before climate change and much poorer than the 
farms with cattle.
Table 2 shows that farms without cattle are very likely to adopt the adaptations 
being considered, with adoption rates about 96% in the rapid adaptation scenario 
and over 75% in the scenario of a transitional adaptation in which the benefits are 
Fig. 7 Annual milk production and offtake per farm in the current and future climate without 
adaptation package and with the adaptation package (long duration maize varieties, allocation of 
land to a maize-mucuna rotation, mucuna biomass left on the fields as inorganic fertilizer for sub-
sequent maize, and use of micro-dosing of N on maize) for households with small and large herds
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Table 1 Base system characteristics of 160 mixed farms used for the analysis, by farm type, in 
Nkayi district
Variables Units 0 cattle 1–8 cattle >8 cattle Total
Mean Mean Mean Mean Std. Dev.
Proportion in 
community
% 42.5 38.1 19.4 n.a. n.a.
Household members people 5.9 6.9 7.4 6.6 2.5
Proportion of female 
headed households
% 27.9 31.1 22.6 28.1 n.a.
Net returns maize US$/farm 60 162 63 100 121
Net returns other crops US$/farm 31 62 35 44 53
Net returns cattle US$/farm 0 472 1347 443 586
Net returns other 
livestock
US$/farm 9 19 15 14 29
Off-farm income US$/farm 220 300 294 265 217
Farms with maize % 98.5 100.0 100.0 100.0 0.1
Maize area Ha 1.1 1.4 1.8 1.3 0.8
Maize grain yield kg/ha 497 826 675 657 531
Farms with small grains % 23.5 32.8 41.9 30.6 46.2
Small grain area Ha 0.7 0.7 1.0 0.8 0.8
Small grain yield kg/ha 393 726 327 512 622
Farms with legumes % 33.8 49.2 48.4 42.5 49.6
Legume area ha 0.4 0.4 0.5 0.4 0.3
Legume yields kg/ha 452 722 388 557 541
Cattlea TLU 0 5.4 13.9 4.7 4.7
Other livestocka TLU 0.3 0.5 1.6 0.6 0.9
aHerd size: Cattle = 1.14 Tropical Livestock Unit (TLU), donkeys = 0. 5 TLU, goats and sheep 
=0.11 TLU
realized more gradually over 10 years. Farms without livestock would gain more (as 
a percent of their base system farm income) than farms with cattle, but do not neces-
sarily gain more in absolute terms because the farms without livestock have much 
lower incomes (Table  1). The relatively smaller impact of climate change and 
greater benefit from adaptation for farms without livestock is because these adapta-
tions improve crop productivity more than livestock productivity (Fig. 6). The adap-
tations have substantial impacts on per capita incomes, more than doubling the farm 
incomes of the poorest households.
For analysis of resilience, we considered two versions of the adaptation scenarios, 
a transitional case in which adaptation takes 10 years for farmers to realize the full 
benefits of the practices (e.g., due to a gradual dissemination of the technology and 
information), and a rapid case in which farmers realize the full benefits immediately. 
Recall that we defined resilience as the degree to which a system can be adapted to 
minimize the losses of climate change. In the analysis presented in Table 2, we inter-
pret the rapid adaptation as the smallest possible loss, so its resilience is 100%, and 
we evaluate the no-adaptation case and the transitional adaptation case relative to the 
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Table 2 Future (2050) farming system vulnerability and resilience, and net economic impacts of 
climate change, for crop-livestock systems in Nkayi, Zimbabwe, for no adaptation, transitional 
adaptation and rapid adaptation scenarios, hot dry GCM (all values are percent)
Climate impact on net returns
Adoption of 
adaptations







No cattle None 45 28 −25 3 91 n.a. n.a.
No cattle Transition 18 73 −32 41 93 75 60.5
No cattle Rapid 1 139 −20 119 100 96 136
Small 
herd
None 61 32 −41 −9 79 n.a. n.a.
Small 
herd
Transition 39 42 −33 9 93 80 20
Small 
herd
Rapid 25 51 −27 24 100 98 51
Large 
herd
None 71 34 −57 −23 79 n.a. n.a.
Large 
herd
Transition 46 47 −42 5 98 64 43
Large 
herd
Rapid 42 48 −40 8 100 80 87
Note: Transitional adaptation occurs over 10 growing seasons. Rapid adaptation occurs in the first 
growing season. Gains, Losses, Net Impact and Adopter Gain are percent of base system net 
returns.
rapid adoption case. The analysis considers the benefits over a 10-year period using 
a discount rate of 10%.
With these assumptions, the no-adaptation scenario gives the farms without cat-
tle a resilience of 91%, somewhat higher than the resilience of the systems with 
cattle (79%). With transitional adaptation, the farms without livestock improve from 
91% to 93%, whereas the farms with livestock improve from 79% to 93% (small 
herds) and 98% (large herds). Table 2 also shows that with rapid adaptation more 
farmers would adopt and the benefits would be much larger, especially for the small 
farms without livestock. This analysis illustrates the potential benefits of enhancing 
the adaptive capability of farmers, enabling them to substantially reduce vulnerabil-
ity and enhance resilience when effective adaptation options are available.
5  Conclusions
In this chapter we described and demonstrated the use of new simulation-based 
technology impact assessment methods, developed by AgMIP, to evaluate the 
potential for currently available or prospective agricultural systems to achieve the 
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goals of CSA. We described methods used to quantify the vulnerability and resil-
ience of agricultural systems, two key elements of CSA. We used a case study of 
crop-livestock systems in Zimbabwe to illustrate how these methods can be used 
to evaluate alternative management practices for climate smart agriculture.
Our analysis of the Zimbabwe case illustrates the potential for these methods to 
test the usefulness of specific modifications to raise incomes, reduce vulnerability to 
climate change and to enhance resilience. While we must caution against generalizing 
from this single example, we do think that it illustrates the potential importance of 
making improved technologies available but also the role that adaptive capacity will 
play. This example also serves to demonstrate why it is important to clearly define the 
“simulation experiment,” i.e., the conditions under which climate impacts and adapta-
tions are being evaluated. In this example, it was assumed that there would be rela-
tively little change in productivity over time, and that a package of improved practices 
that we called “climate adaptations” could provide higher incomes for many of the 
farmers. However, one could ask why these improvements are considered “climate 
adaptations” and what changes in the institutional or policy environment would be 
needed to facilitate their use. Thus, for a meaningful analysis of CSA, or climate adap-
tation more generally, these policy dimensions of the story must be addressed. 
Otherwise, the type of analysis we have presented here risks overstating the potential 
for adaptations to offset the potentially adverse effects of climate change.
Although we have not discussed mitigation of greenhouse gases in this chapter, 
it is important to note that the framework presented here can also incorporate green-
house gas emissions as part of a technology assessment. Examples of how this mod-
eling framework can be used for that purpose are presented in a number of 
publications, including Antle and Stoorvogel (2008). However, it should be noted 
that accurate quantification of greenhouse gas emissions, including changes in soil 
carbon, nitrous oxide emissions from soils, and methane emissions from livestock, 
is data-intensive and requires the use of complex models. Alternatively, estimates of 
average rates of emissions under alternative practices could be used. This is an area 
in need of further research.
Another area that clearly needs additional research is the incorporation of live-
stock herd dynamics and the interaction of crop and livestock systems. This is par-
ticularly important for smallholder farm households whose livelihoods and 
well-being depend on livestock both as a source of food and income as well as an 
asset that can be used to cope with climate variability and extremes. Further work 
on the role of livestock and crop-livestock systems in the context of climate smart 
agriculture is clearly warranted.
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